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ABSTRACT 

It has been shown recently that the toroidally compactified type JIB string effective 
action possesses an SL(2, R) invariance as a consequence of the corresponding symmetry 
in ten dimensions when the self-dual five-form field strength is set to zero. By working 
in the string frame we clarify how a Z2 subgroup of this SL(2, R) group responsible for 
producing the strong-weak coupling duality in the ten dimensional theory produces the 
same symmetry for the reduced theory. In the absence of the full covariant action of 
type IIB supergravity theory, we show that the T-dual version of type IIA string effective 
action (including the R-R terms) in D=9 also possesses the SL(2, R) invariance indicating 
that this symmetry is present for the full type IIB string effective action compactified on 
torus. 



*E-mail address: roy@tnp.saha.emet.in 



By now there is a mounting evidence in support of the conjecture that type IIB 
superstring theory in ten dimensions has an SL(2, R) invariance [1-3]. The discrete 
subgroup of this SL(2, R) group survives as an exact symmetry of the quantum theory 
and has been referred to as S-duahty in the hterature in analogy with the corresponding 
symmetry in N=4, D=4 heterotic string theory [4,5]. Under this SL(2, R) transformation 
the ten dimensional dilaton of type IIB string theory transforms non-trivially and so 
it mixes up the different orders of the string perturbation theory. In particular, a Z2 
subgroup of this SL(2, R) group relates the weak and the strong couphng regime of 
the type IIB string theory in D=10, when the scalar field in the Ramond-Ramond (R- 
R) sector of the spectrum is set to zero. Thus this symmetry is non-perturbative and 
that is why it is difficult to prove this conjecture. Many interesting consequences of this 
symmetry have been explored in refs. [3,6,7]. In particular, the various classical p-brane 
solutions of type IIB string theory have been shown to form SL(2, Z) multiplets and as 
a consequence the existence of bound states of n fundamental p-branes with m Dirichlet 
p-branes with [n, m) relatively prime integers, has been predicted in ref.[8]. Although 
it is difficult to prove this conjecture, there are various indirect ways to understand the 
origin of this symmetry. Purely, from string theory point of view the SL(2, R) symmetry 
can be understood from the ten-dimensional string-string duality conjecture of Type I and 
heterotic string theory with gauge group SO(32) and T-duality [2,9]. This symmetry can 
also be understood from the hypothetical higher dimensional theories called 'M-theory' 
[6,10] and 'F-theory' [11] compactificd on torus. 

In this paper, we will study the toroidal compactification [12,13] of type IIB string 
theory and explore some of the consequences of SL(2, R) invariance of ten dimensional 
theory. Since the ten dimensional theory already has SL(2, R) invariance, it is expected 
that this symmetry will persist also in lower dimensions. We will first show that it is 
indeed the case. It is well-known [14,15] that the full type IIB supergravity theory is non- 
Lagrangian because of the presence of a self-dual four-form gauge field in the spectrum. 
But, once we set the corresponding field strength to zero, a consistent covariant action 
can be written from which the field equations of type IIB supergravity theory could be 
obtained [2]. We will take this type IIB string effective action and reduce it on (10 
— D) dimensional torus in the string frame. This D-dimcnsional effective action when 
written down in the Einstein frame will be shown to possess an SL(2, R) invariance as 
expected. The toroidal compactification of the same type IIB string effective action in the 
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Einstein frame has been studied recently by Maharana [16] and the SL(2, R) invariance 

of the reduced action was shown to follow directly in this way. We will point out that in 

showing this invariance of the toroidally compactified theory, it is not the D-dimensional 

dilaton but rather a linear combination of the dilaton and other moduli of the theory 

which appears in the matrix A^d (see eq.(19) and the discussion after eq.(21)). It is for 

this reason, a Z2 subgroup of the SL(2, R) group which is responsible for producing the 

strong-weak coupling duality symmetry in the ten dimensional theory does not necessarily 

imply the same symmetry in the reduced theory. We will clarify how the strong-weak 

coupling duality symmetry can be understood in the reduced theory by working in the 

string frame. It should be emphasized that this effect becomes transparent if we reduce 

the action in the string frame and then go over to the Einstein frame rather than reducing 

the theory directly in the Einstein frame as in ref. [16]. Then we will show that not only 

this truncated version of the type IIB string effective action but also the full action has 

the SL(2, R) invariance when compactified on torus. In the absence of the full action, 

we will take the following strategy to understand this symmetry in the full theory. Since 

the complete type IIA string effective action including the R-R terms is known [17,18], 

we reduce this action on a circle. It should be pointed out here that it is difficult to 

study the toroidal compactification of this action in general because of the presence of 

the topological terms whose forms are very specific to the dimensionality of the reduced 

theory. We will therefore look at the simplest case i.e. the reduction on a circle. Since 

in D=9, type IIA and type IIB theories are T-dual to each other [19,20], we will take 

the T-dual version of this D=9 type IIA action and then show that this action is indeed 

SL(2, R) invariant. Thus we conclude that the full type IIB string effective action when 

toroidally compactified also possesses an SL(2, R) invariance. 

Let us recall that the massless spectrum of the type IIB string theory in the bosonic 

sector contains a graviton gB,fi.u, a dilaton ^^^^ and an antisymmetric tensor field 

as Neveu-Schwarz-Neveu-Schwarz (NS-NS) sector states whereas in the R-R sector it 

contains another scalar (f)'-'^\ another antisymmetric tensor field and a four- form gauge 

field A'jj^p^- whose field strength is self-dual [21]Q When the field strength associated with 

the four-form gauge field is set to zero, the type IIB supergravity equation of motion can 

*We denote the ten dimensional space-time coordinates and the fields with a 'hat'. The objects in 
lower dimensions will be denoted without 'hat'. 
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be obtained from the following covariant action [2] : 



where 

= (^A^S + cyc- in fiv\), i=l,2 (2) 

The action in (1) is known to possess a global SL(2, R) invariance which can be better 
understood in the Einstein frame where the Einstein metric and the string metric are 
related as ^B^^j> = gB,iii>- In the Einstein frame the action can be written as: 

1„ 1 



_1 A^A ^ m2) ^ ^(2)^(1) \ /^(2)A^A ^ ^(2)^(1) 



(4) 



(3) 

This action can now be expressed in a manifestly SL(2, R) invariant form as given below: 
where, 

represents an SL(2, R) matrix and h^-j^ = - 1^2) • Also, the superscript T' represents 

\ fivX / 

the transpose of a matrix. The action (4) can be easily seen to be invariant under a global 
SL(2, R) transformation M AMA^ and -.fs') = ^jio ^ (A"i)^b/j,>, where A = 

^ ^ d ^ ' ^^^^ ad— be = 1, represents a global SL(2, R) transformation matrix. Note that 
the canonical metric ^^^p remains invariant under the SL(2, R) transformation. With 
these transformations the complex scalar field p — (J)^"^^ + ie~^'^^^ undergoes a fractional 
linear transformation whereas the two two-form potentials iJj^l and transform linearly 

[3]. In particular, choosing A = ^ g ^ and 0^^^ — 0, the string couphng constant 

e''^^^' transforms to its inverse showing a strong-weak coupling duality symmetry in the 
theory. 

We now perform the dimensional reduction of the action (1) on (10 — D) dimensional 
torus. In order to achieve this we first split the 10-dimensional coordinates to D 
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space-time coordinates x'^ and (10 — D) internal coordinates x"^ and demand that all 
the D-dimensional fields be independent of the compact coordinates [12,13]. By using the 
Lorentz invariance the ten dimensional vielbein is usually taken in the following triangular 
form [22][| 

(6) 







where and e'^ are respectively the space-time and internal vielbeins. 



,(3)n 



are (10 



— D) vector gauge fields resulting from the dimensional reduction of the metric. (We 
have reserved a^^^" and ci[f^" to denote the gauge fields resulting from the dimensional 
reduction of the two antisymmetric tensor fields U^l and b^/^l-) The D-dimensional metric 
and the internal metric are given respectively by gB,fiu = ^'^^uVa/s and Qmn = ^m^ti^ab, 
where our convention for the signature of the Lorentz metric is ( — ,+,+,■■■). Note that 



with this convention (6), y/-9B = \/-gD A, where qb = (det 93,^0), 9d = (det gD,tiu) 
and = (det gmn)- With these definitions the scalar part of the action (1) reduces to 
[18]: 



/ 



+^dt,9mnd''g' 



(7) 



where Rd is the scalar curvature for the D-dimensional metric go^iiv} 

0(i) = 0W + ilogA, 



^^^^ being the D-dimensional dilaton and 0'-^^ 
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.... ^-u.......=.u.... ...u . - 0(2). Also, = a^a(3)- 

The reduction of the terms involving square of the field strengths associated with the 
antisymmetric tensor fields in the action (1) is given below: 



1 

12 



S^xJ-gB 



j d^Xy/-gD 



pq ' "fiu m 



fiuX 



\.,rnp nqpi o/xt (1) _ 1 mpL(l) fiu 



'''Here the Greek letters (A, fi, . . .) in the later part of the alphabet denote the curved space-time indices 
whereas (a, /?, . . .) in the beginning of the alphabet correspond to flat tangent space indices. Similarly, 
the Latin letters (m, n, . . .) represent the internal indices and (a, b, . . .) denote the corresponding tangent 
space indices. 
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Our definitions and the reduced form of various gauge fields are: 

9B,[iv ^ \ 9B,fmi 9B,firn 0^^^ 9mn (9) 




y 3,111/ ymn^^i "i/ 



0W = cj^^^^ + UogA (10) 

'^fiO ] U{t) ^ l(i)<n{3)m{i) _Q(3)m (i) _ (3)mu{i) {3)n '^^^^ 

The corresponding field strengths are given as, 

u[i) _ u{i) — f) lli) ('1Q^ 
"'Hmn ~ "'ixmn ~ '-'t^^mn K^"^ J 

h(i) ^ f(i) _ f(3)n (-,a\ 

where 
and finally, 

h^tlx = dM fS)-'cJ{i + eye. in i^i^X (16) 

It is well-known that the NS-NS sector of the action (1) possesses a global non-compact 
symmetry 0(10 — D, 10 — D) when compactified on (10 — D) dimensional torus [23]. In 
order to show this invariance it was pointed out in ref. [18], that it is necessary to express 
h^^^^ in (16) in terms of = b'^^} — | (a^^-* "^a^,^^ — a[f)"^a}t^^) as this remains invariant 
under 0(10 — D, 10 — D) transformation. In the present context, the introduction of 
'barred' fields is not necessary. So, the complete form of the dimensionally reduced action 
(1) to D-dimensions is given as: 

1 1 1 \ 

-^9"''9"'d,b^ld'^b^^J - -g-^'h^LhT" - Y^Ca^^'^"^') 



1a (/.(I + 0(2)/,,« ) (/,(2)-^ + 0(2)/,(l)M^A) 



(17) 
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We have obtained the reduced action in the string frame metric and the D-dimensional 
string coupling constant is given by Aij ~ e'^^D\ where (f)"^ is the D-dimensional dilaton 
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whose relation with the ten dimensional dilaton is given in eq.(lO). Just like the ten 
dimensional case, the SL(2, R) invariance of the action (17) becomes manifest in the 



Einstein frame. In order to rewrite the action in the Einstein frame we rescale the string 

4_^(l) 

metric as usual hy g^^^u 



e d-2'Pd qj^^^jj. Then the action (17) takes the following form: 

(1) 



Rd - - Je2^^''a^0(2)^M0(2) + la^iogAa^og A 



1 
4 



ymnj J 



1 , 



4 

l.T 
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where we have defined (j)^^^ = (j)^^ + |logA. Also, Qmn = e^^'^'^ Qmn and so, A 



,(10-g)^(l) ^ 



e^ (o-2) '^o A, with A^ = (det(/m„). Note that unlike 0^^^ is a D-dimensional field 
composed of D-dimensional scalars 0^"* and A. By defining 

(19) 



the action (18) can be expressed in a manifestly SL(2, R) invariant form]] as follows: 



Rd + -iid^Mod^Mu^ + i^^log A^^og A + -d^g^nd^g" 

4 o 4 



1 



[•(3) m r(3) //i^, n 

,1 (A)V2^™phJ_A<^h^- - ^(A)V2hJ,,A^^h^'^^' 



(20) 



Here we have defined b^n 



"mn u — ^!^m J u 

I J^(2) I' "■^ll'm — I ^(2) J' ^'^'-l ^M!^A 

Now it is clear that the action (20) is invariant under the following global SL(2, R) 
transformation: 




Md 




(1) \ 




11 m 1 

(2) 


— ^/t m ^ 






9^lu 


^ 9^ll'J 9 



(A- 



9: 



mn 1 



J "mn 

[ ) - 

and af"" 



-l\Tr 



f211 



TThis corrects the inference drawn in ref.[18] about the SL(2, R) non-invariance of the D = 9 type IIB 
action. 
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where A = ^ ^ ^ j , with ad — be — 1, is the SL(2, R) transformation matrix. The same 
transformation rules have been found in ref.[16] using different method. Note, however, 
that it is the complex scalar pu — (j)^"^^ +ie~'^o^ which undergoes the usual fractional linear 
transformation under (21), where po involves 4>d^ and not the D-dimensional dilaton. 
Also, note that it is A which remains invariant under SL(2, R) transformation, whereas A 
changes. This follows from the fact that the internal metric gmn does not remain invariant 
under SL(2, R) transformation, whereas the scaled metric (jmn is invariant. 

Let us then look at the special case of this SL(2, R) transformation i.e. the Z2 subgroup 

generated by A = ^ ^ ^ . We have mentioned before for the ten dimensional case 

that it generates the strong-weak couphng duality when 0^^^ = 0. For the D-dimensional 
action if we set 0^^^ = 0, the same A generates the symmetry — > —4>d^. Since 4>d^ is 
not the D-dimensional dilaton, this symmetry does not necessarily mean a strong-weak 
coupling duality symmetry in the D-dimensional theory. By demanding that 

r,(lO-D) ,(1) 

A = e TD=2r*i3 A (22) 

remains invariant under Z2 transformation, we find the transformation rules for the D- 
dimensional dilaton 0^'' and log A as follows: 

log A ^ ^^<;) + ^logA (23) 

In particular, for D=10, we get from (23) (t)iQ —(}>io as expected. Also we note here 
that for D < 6, (j)^^^ does not change sign and so one might be tempted to think that 
in this case Z2 transformation does not produce the strong-weak coupling duality in the 
reduced theory. We point out that this inference is not quite correct as log A also changes 
under Z2. If we express 4>d^ in terms of SL(2, R) invariant quantity A, we find, 

4'^ = ;^0S]^ + ^logA (24) 
Now demanding 0^-* — > — 0^^' under Z2, we find the transformation rule for the D- 



dimensional dilaton as 



2-D 



'o' + ^—logA (25) 



implying a strong-weak coupling duality in the D-dimensional theory apart from a con- 
stant scahng factor (A)(^~^)/^. We have thus clarified how the Z2 subgroup of SL(2, R) 



group in the ten-dimensional theory induces a strong- weak couphng duahty in the reduced 

theory. 

Next we show that the SL(2, R) symmetry of the type IIB string theory is not only 
the symmetry of the truncated action (1), but also is a symmetry of the full theory 
compactified on torus. As the full type IIB action is not known we take the complete 
type IIA string effective action [18] and then compactify on a circle. We then make a 
T-duality transformation [24,18] on this 9D action to convert it into type IIB action. This 
T-dual action will be shown to have the SL(2, R) invariance. The massless spectrum of 
the bosonic sector of type IIA string theory consists of a metric g/xo, an antisymmetric 
tensor field S^^-* and a dilaton 4> in the NS-NS sector and in the R-R sector it has a vector 
gauge field A^^^ and a three-form antisymmetric tensor field C*^,))^ [21]. The full action in 
D=10 is given in the following [18]: 



\ '^12 1^'^^ J 4 



. . ./i4 -^As Ae At ^As A9 Alo 



(26) 



^1^^^^ H% = [d^B^l + eye. in jluX) , F« = - d^Af and F^,^- = d^C,^,^ - 

duCf^Xf, + dxCf^f^o - dAf., + {FlSsfl + F^B^ + eye. in PXp) . Note that the first three 
terms in (26) i.e. the NS-NS terms couple to the dilaton, whereas, the fourth and the fifth 
terms arc R-R terms and do not couple to the dilaton. But all these terms arc dependent 
on the metric g'^/>. On the other hand, the last two terms are mixed terms and do not 
depend on the metric. In this sense these terms are topological. The reduced forms of 
these terms depend on the dimensionality of the theory. The reduction of this action (26) 
on a circle has already been performed in ref.[18]. We here write the D=9 type IIA string 
effective action without the topological terms (the SL(2, R) invariance of the T-dual form 
of the topological terms will be considered later) , 

5£' = j <fx^g[e-^'l'(R + ^d^<t>d^ct>-\d^.\ogxdnogx-\xFS)F'~^'^''' 
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X 



(27) 
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where the definitions of various reduced fields and their field-strengths are hsted below: 

(28) 

(29) 
(30) 

, - r(^) - 4(3) 
5(1) ^ ^(1) + A(2)A(3) - ^(2)^(3) ^ ^ 

4(1)4(3) - 4(1)4(3)'! 

(32) 



^99 — 5'99 — X 

1, 

4'^ = 4^ - V'^^ 



(1) 



B 



(1) 



fii>X 



C,.9 = C,.9 = Bj^J -j^B^) - (4)43) _ ^(1)^(3)) 
C^,v\ = C^^x - (Af^Cr^xQ + eye. in jivX^ 



and the field strengths are: 



F(2) 



;U9 



H 



(1) 



(1) 
^1^9 



i?(3) 



+cyc. in /xz/A 
- \ {F^jAf + ) + eye. in ,uX 



we have defined 



r(i) = r(i) _ i /'4(2)4(3) _ 4(2)4(3)\ 

-"/ii/ — ^ixu 2 V M ^ y 
Continuing with other field strengths, 



(33) 
(34) 

(35) 
(36) 



where is defined as, 



where 

and finally, 

FfiuXp 



H% = d,B^2 + FfJ 4'^ + eye. in 

- + I {F^^'M^^ + + eye. m ^.X 



m = 5(2) _ 1 (^(1)^3) _ ^(1)^(3) 



(37) 



(38) 



d^C^Xp diyCfj^xp + dxCppiy — dpCxfii/ + 
_ipij>(3)4(0 4(i) _ 1 



^(i) ^» + ^(;) ^(i) 



U'FfjAfAf - le'^F^A^^A^ + eye. in v\p 



(39) 
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where 



-e'^AfA^J^Af + eye. in 



(40) 



.2 

Here i, j — 1,2 and e^^ = — e^^ = 1. Note here that we have introduced fields. When 
we take T-duahty transformation on the action (27), we will use the fact that B^^^ does 
not transform whereas B^^} transforms in a non-local way. The T-duality transformation 
for which the NS-NS sector of the action (27) remains invariant is given by [18]: 

X^X-\ Af^-Af, Af^-Af, ~g,.^g,.. 4>^4> (41) 

We will assume that both and do not transform under T-duahty transforma- 
tion. For it is clear from (34) and (41) that it is indeed invariant if B^^} is invariant, 
whereas, for we note from (37) that it will remain invariant if B'^^} transforms in 

an appropriate non-local way. We will also assume that F^i/Ap remains invariant under T- 
duality transformation, but it means from (39) that Cjuj/a should transform appropriately. 
We should emphasize that these assumptions are made just for simplification. Now with 
these T-duality rules the action (27) changes as: 

c(9)' _ o(9)' 
'-'IIA — '-'IIB 

= I d9a;y=^[e-2*(i? + 4a^0a'^0-^a^logxa''logx- JxF^^^F^^)/^- 



(42) 



By rescaling the metric g^j^^, — e'r'^g^i, and x = e^'^Xi we convert this part of the action 
(42) in the Einstein frame as follows: 



/ 



dPx^g [r - \d,m - le'%i;d'^^ - log x^^^ log x 



12 

Now by defining 
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the part of the action (43) can be written in a manifestly SL(2, R) invariant form as given 
below: 

I (fxV^ (^R+^trd^Xod^XE' - ^S^logx^'^logx - IxF^^'J F^'^ ^'^ 

where we have defined T^i, = I '^J') ^^"^ T^^vX = ^2) ■ So, the part of the 

action without the topological term is indeed invariant under the following global SL(2, 
R) transformation: 

FixvXp F^^xp (46) 

Note also that here A^^^ , A^^^ , A^^^ play the same role as a^^^ , a^^^ and a|/^ respectively in 
the truncated version of type IIB theory as discussed earlier and so, those fields can be 
identified. Similarly, Hj^Jxi ^jSx fields play the same role as h^^^l^, h^^lx in type IIB theory. 

We now look at the topological part of the action (26) and show that this part is also 
SL(2, R) invariant. The dimensional reduction of the topological part on a circle has also 
been obtained in ref.[18] and the explicit form is given below: 
1 



c{9)" f j9 M...iJ.9(p p 4(3) _4P J3uii) dO) 

OjjA j U. -^2(12)3 \f m-PiJ^ PZ-HS-^pg 'l-C^Ml-Wt -"/i5//6Al7-°M8/i9 

-1-4 F ffW 4(3) I 9^«i ffW ff(i) c -l-zLF F^^^ CI 

Wc then make, as before, the T-duality transformation (41) and the rules given afterwards 
to convert the topological part of the type IIA action to type IIB action as follows: 



o{9)" _ q{9)'' 
^IIA — *^IIB 



J 2(12) 



F F 4(2) _ p ff(l) R^^^ 



+ F H^^^ B^^^ -4F //W , 4^ ^(2) ^(3)^(2) 

^ -f^Ml---M4-'-'/i5/i6M7-"/i8M9 ^-^W---/i4-'-'/i6/i6/U7^/U8 ^/U9 ^ ^-^W---W-'-'//6/i6/U7^M8 

I nffil) tt(2) -9H'(2) P7(l) _4F f(2) 

~ Vl/i2M3 V4/i5At6 A*7/i8M9 pl fi2 f^S fi4 f^b f^G f^S ^"^ M1---M4-' ^5/i6 ^^7^8/^9 

+ fi/^/T(^) 4(1) r(1) _ H-(l) H-(2) 4(3)^^^^ - /7'(2) ff(l) 4(1) R(1 

^ \ MlA'2/*3 M4Al6/i6 W /U8M9 /i4/Ll5//6 /i7 M8A19 All/i2^i3 Al4/*B/ti6 W M8 
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) 

M8/U9 



, fr{2) o-(l) 4(3) \_^2fF /1(1)rW +F 4(3)^^^^ ^ 

(48) 

~(2) ~ 

Here, and Cj^,/a denote the T-dual forms of the corresponding fields B'^J , C^,y\ whose 

exphcit forms are not important. If we now introduce SL(2, R) metric T, — ^ ^ ^ 

which satisfies AEA-^ = E and EAE = for any SL(2, R) matrix A, then in terms of 
E, (48) can be written in a manifestly SL(2, R) invariant form as given below: 



/ 



\ f/^i -M9 (_Tp p j(2) _ -p n^T vR 



2(12)^~ ^ - f*l---f*4- f*5---f*8" -/ig A*l---f*4- 'lUs/ieMT /*8/i9 

+6<...35^^.4M5M6^LSi3^8M9 + 12^F^,...^,F(^) Ei3^3^,) (49) 



''Ml/i2/i3 ''/^4M5M6>^/i7^'^/*8M9 ' -^^""^ Ml— ^4-^ //B/[i6"^M7 M8M9 

Thus it is clear that the T-dual form of the topological part of the action (26) compactified 
on a circle is SL(2, R) invariant under the transformations (46) alongwith 

Cfxv\ — C'^ii/A (50) 

Note that 'Hni,\ transformation in (46) imphes that B^^, = -fs) transforms as 

Bfj,u (A ^)^Bfj_u. So, we have shown that the T-dual form of the full type IIA action 
in 9D i.e. the full type JIB string effective action in 9D is invariant under the SL(2, R) 
transformations (46) and (50). 

To conclude, we have studied the toroidal compactification of a truncated version 
(when the self-dual five-form field strength is zero) of the type IIB string effective action 
in the string frame. As we finally converted the reduced action in the Einstein frame by 
conformal rescahng of the metric we have recovered the SL(2, R) invariance of the reduced 
action as a consequence of the same symmetry in ten dimensions. We have obtained the 
transformation properties of the various fields and compared with the recently obtained 
results of toroidal compactification of the same type IIB action in the Einstein frame. Since 
the SL(2, R) matrix TW/j in eq.(19) involved in the process of showing the invariance does 
not contain the D-dimensional dilaton, the issue of strong- weak coupling duality symmetry 
under a Z2 subgroup of this SL(2, R) group becomes confusing. We have clarified this 
point and have shown how the Z2 subgroup produces the strong- weak coupling duality in 
the reduced theory. We have also shown how SL(2, R) invariance can be understood in 
the full type IIB string theory. In the absence of the complete type IIB action, we have 
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taken a T-dual version of the complete type IIA action compactified on a circle. In this 
simplest case, we were able to show that the full action is indeed SL(2, R) invariant. It 
is quite involved to study the general case because of the complication of the topological 
terms whose forms are dependent on the dimensionality of the reduced theory. But, 
the invariance in 9D suggests that the full type IIB string effective action is SL(2, R) 
invariant. Using this symmetry it will be interesting to find the SL(2, Z) multiplets of 
various classical p-brane solutions of lower dimensional type II string theory. 
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